Biological catalysts, enzymes, have been exploited for decades to effect chemical and biochemical reactions of utility in the food industry and chemical industries and in medicine, and currently their application is rapidly increasing as a result of efforts to increase the diversity of products and applications in the marketplace, improve efficiencies and reduce costs, reduce energy needs (e.g. in chemicals production, in washing powders, etc.), and to reduce the environmental burden of industrial processes. Particularly interesting are efforts to explore the potential of enzymes to mediate new reactions that are difficult or expensive through chemical catalysis, to create new medicaments, and to facilitate transformation of our current fossil fuel-based economy to a renewables-based economy Schmid et al., 2001] .
Though a chemically rather homogeneous class of catalysts, enzymes collectively catalyze a vast array of chemical reactions that characterize life processes. They also differ from chemical catalysts in often being exquisitely regio-and enantioselective and, yet simultaneously relatively unspecific in terms of substrate selectivity. These properties are often strongly influenced by context -the prevailing cellular pH, ionic strength, solute nature and concentration, participation in multienzyme complexes, local substrate or product concentrations, etc. -and so the enormous natural diversity of catalytic activities can often be expanded by exploration of new environmental contexts of reaction conditions.
It is therefore no wonder that the topic of biocatalysis is 'hot' and that major efforts are underway to explore biocatalytic diversity and harness it for existing and new applications. Increasing pressure to develop new medicines, materials, healthier foods, less expensive chemicals, less polluting processes, lower energy needs, more sustainable practices, etc. are forces driving such efforts, and globalization, on one hand, and political pressure to enable industry to function on a supply base less influenced by politically unstable or unfriendly regimes, on the other, are other important drivers.
The race is therefore on to explore the range and limits of biocatalytic diversity and applicability. This involves the accessing of natural enzyme diversity, exploration of the inherent wider catalytic potential of enzymes in relation to possible or relevant reaction contexts, and optimization by tailoring and fine tuning of promising activities for applications. In this review, we will focus on the former, namely recent advances in enzyme discovery.
Accessing Enzyme Diversity

Homology-vs. Activity-Based Enzyme Mining
The traditional means of accessing enzyme diversity is to search for an organism expressing the desired activity, and to optimize the production and recovery of the enzyme, often by cloning its gene and hyperexpressing it in an appropriate host. With the advent of genomics, another discovery channel opened up, namely data mining: sequence gazing for open reading frames with homology to the sequences of known enzymes. These may then be cloned and hyperexpressed, and the activities of the gene products characterized. However, it rapidly became apparent that a large proportion of the open reading frames of newly-sequenced genomes have little sequence homology with known enzymes, so their potential activities remain hidden. To partly circumvent this problem, strategies involving the construction of genomic expression libraries -large coverage, small insert libraries in vectors possessing powerful expression signals -and their activity screening, often with automated high-throughput methods, have been developed. This strategy does not rely on sequence homologies for enzyme detection, and often reveals new sequence classes and phylogenetic branches of enzymes with classical activities, and sometimes new activities. Where applicable, therefore, it is the method of choice to capture the greatest enzyme diversity.
Metagenomics
Most enzymes in current use are of microbial origin, and it is widely appreciated that the microbial world contains by far the greatest fraction of biodiversity in the biosphere, so it is the microbes that will deliver the greater part of enzyme diversity and the majority of new applications. However, the well-known dilemma of microbesthat the majority cannot be cultivated -limits application of the traditional means of enzyme discovery described above. The anticipated rich enzymatic pickings from the uncultured microbial majority has stimulated the development of new genomics-based discovery approaches, the so-called 'metagenomics' or environmental genomics approaches. These are often described as culture-independent approaches and, in terms of the organisms being accessed and mined, this is the case. However, the need for large amounts of cell biomass for enzyme screening and isolation always requires cultivation of a producer microbe. The difference here is that cultivation refers to that of a surrogate organism -the host exploited for archiving and expressing the harvested genetic resources. Metagenomics is analogous to genome library construction and screening, with the difference that the 'genome' cloned is not from a single characterized laboratory clone, but rather from the entire microbial community present in an environmental sample: it is the 'community genome'. 'Genome' coverage in this case is an ephemeral notion, since different community members will be present in different numbers in the sample, and their genomes will be extracted with different efficiencies, so genes of different organisms will be present in very different concentrations in the DNA used to construct the libraries. For this reason, attempts to obtain (or even calculate the size of) a library providing good coverage of all genomes present in a sample are rare and limited to samples from extreme environments, known to contain microbial communities of very limited complexity and diversity.
There are two distinct strategies taken in metagenomics, according to the primary goal. Large insert libraries are constructed for archiving and sequence homology screening purposes: to capture the largest amount of the available genetic resources available in the sample and archive it for further studies/interrogation. Though some genes in such libraries are expressed and may be found in activity screens, these will be biased towards genes from organisms related to the host, since they will generally lie far from vector expression signals and therefore be expressed from their own expression signals. Large contiguous DNA fragments are an important advantage of above libraries as they provide better taxonomic affiliation of the source organism(s). Small insert expression libraries, especially those made in lambda phage vectors, are constructed for activity screening. The small size of the cloned fragments means that most genes present in the appropriate orientation will be under the influence of the extremely strong vector expression signals, and thus have a good chance of being expressed and detected by activity screens. Moreover, the significant problem of 'lethal' genes and gene products, whether sought or accompanying sought genes, on the cloned DNA, is circumvented, since the host is killed anyway by the phage infection. Though these two strategies are conceptually distinct, in fact both are increasingly used together, because of their complementarities: activity mining often reveals novel enzymes, but the nature of the organism from which they originate can rarely be determined, nor can their genetic context, which may harbor equally or even more interesting similar or related enzymes. Primary enzyme discovery in an expression library, followed by identification of the same gene in a large insert library and genome sequencing the identified fragment, constitutes a powerful means of maximizing the discovery process and identifying the interesting new organisms that are producing such enzymes.
Microbial diversity is not limited to prokaryotes: eukaryotic microbial diversity is also enormous, and hence of great interest for exploration of functional diversity. Because of the problem of introns in eukaryotes, considerable effort has been invested in the creation of cDNA libraries from RNA. This requires isolation of full-length mRNAs, reverse transcribing them, and cloning the cDNA to create the libraries. Here, the RNA extraction technique is critical, since it needs to extract RNA from thick-walled structures, like spores and yeast cells. An example of cDNA libraries is those produced from algal mat samples, in which clones matching mainly prokaryotic but also eukaryotic protein sequences, such as from dust mite Lepidoglyphus destructor , Gossypium hirsutum and Branchiostom belcheri were found [Grant et al., 2006] .
Microbial Diversity
The principal measure of phylogenetic relatedness, and thus of biodiversity, is the sequence of the 16S ribosomal RNA gene in prokaryotes and its equivalent 18S rRNA gene in eukaryotes. Determination of very large numbers of such sequences has revealed that natural environments contain vast numbers of diverse microorganisms (see examples in table 1 ), and that more than 99% of those present in many such habitats have not yet been cultured in the laboratory. A current estimate is that soil and the Earth's oceans are teeming with some 4-5 ! 10 30 and 3.6 ! 10 29 microbial cells, respectively [Cowan et al., 2005; Deutschbauer et al., 2006; Green and Keller, 2006; Sogin et al., 2006] . This enormous biodiversity, comprised of 52 large phyla [Dumont et al., 2006] , is even larger if viruses are included, since approximately 10 7 particles of virus size per ml of seawater have been found, most of which are bacteriophages [Angly et al., 2005 [Angly et al., , 2006 Breitbart et al., 2004; Breitbart and Rohwer, 2005; Culley et al., 2006] . These complex uncultured communities represent an enormous unexplored reservoir of genetic and metabolic diversity. Systematic characterization of this diversity will not only yield novel functionalities but also provide new understanding of metabolic activities and interdependencies underlying microbial life in diverse habitats, and the roles of individual microorganisms in the ecosystem, and thereby yield new insights and clues that will aid the cultivation of currently uncultured microbes.
Metagenome Sequencing
Over the past decade, a number of studies have been reported that explore environmental microorganisms in a culture-independent manner by metagenomics -isolating DNA from environmental samples and generation of large clone libraries of this whole-community DNA [Edwards and Rohwer, 2005; Green and Keller, 2006; Tyson and Banfield, 2005] . In the case of simple microbial communities containing only a few different microbes, sequencing of enough clones of the libraries may allow their genomes to be reconstructed [Tyson et al., 2004] , the annotation of which may yield possible explanations of community composition and functionalities, and insights that suggest new hypotheses about functional interactions. These can then be tested by analyzing gene expression in situ and/or under controlled in vitro conditions, using microarrays and real-time polymerase chain reaction (PCR), and subsequent structural and functional protein analyses. This information builds a continuously expanding compendium of knowledge about the genomes of all microorganisms in a particular environment, independently of the ability to culture them. This organism information gathering trajectory is complemented by current mega-shotgun sequencing of environmental DNA-metagenome sequencing uncoupled from the organisms in the environments studied -such as that of the Sargasso Sea [Venter et al., 2004] , worm symbioses [Woyke et al., 2006] , human distal gut microbiome [Gill et al., 2006; Manichanh et al., 2006] , Pleistocene cave bears [Noonan et al., 2005] and coastal virus communities [Breitbart et al., 2004; Culley et al., 2006] . Of special interest are two landmark publications Yooseph et al., 2007] that describe the generation and analysis of 7.7 million sequencing reads (6.3 billion bp), from the largest sequencing effort ever undertaken. This has produced a huge genomic dataset of microbiota inhabiting the seawater from Northwest Atlantic to Eastern Tropical Pacific and whose analysis will keep busy ecologists, evolutionists, structural genomicists, environmental microbiologists and scientists of many other disciplines in the years to come.
Although shotgun sequencing of environmental DNA constitutes an attractive approach to obtaining genomic information on yet uncultured microbes, the seminal work of Holmes [2003] , Torsvik [2002] and Johnson and Slatkin [2006] established that most microbial communities are extremely complex and since high-throughput sequencing yields a large number of relatively short reads, whose average length normally is, depending on sequencing method, between 80 and 1,000 bp, it results in artificial contiguous assemblies of DNA sequences derived from different hosts [DeLong, 2005; Noguchi et al., 2006; Tyson and Banfield, 2005] . Because of inherent variations within most environments, and the complexity of metagenomic DNA, it has been suggested that high-quality genome assembly should not be attempted with metagenomic libraries, but rather that they should be exploited to explore microbial genetic diversity and to mine for new activities and products. 
Sequence Homology-Based Enzyme Discovery
Enzyme discovery through (meta)genomics generally involves sequence-or activity-based strategies ( fig. 1 ). The former is conveniently carried out through construction of PCR-amplified small clone libraries that can be handled with high-throughput facilities. The PCR-based approach is predicated on the identification, by sequence comparisons of members of the enzyme class of interest, of highly conserved functional motifs for the design of primers for PCR amplification in, and gene probing of, DNA libraries. Although this strategy led to the identification of new enzymes, like ␤ -lactamases, sulfur oxygenase reductases, chitinases, alcohol oxidoreductases, monooxygenases, diol dehydratases, carboxypeptidases and antibiotic resistance genes ( table 2 ) , from a variety of environments, including pesticide-contaminated sites [Paul et al., 2006] , the Mediterranean Sea [Zaballos et al., 2006] , a crystallizer pond , water columns and sediments of the ocean [Francis et al., 2005] , the Delaware River [Cottrell et al., 2005] , gold-bearing concentrates [Chen et al., 2006] , and other environmental resources [Holmes et al., 2003 ], it has the major limitation that it relies on known protein structures, and thus cannot enable discovery of new protein classes (either with the same catalytic activity or with different catalytic activities for the offered substrate) with sequence elements that differ from the conserved sequences of the primers. For example, among 8,823 clones of a metagenomic library from the cold-seep sediments of Edison seamount (10,000 years old), 30 clones producing ␤ -lactamases exhibited considerable gene sequence diversity, as revealed by banding patterns of PCR amplification with designed primers, but a similar activity spectrum limited to penicillins and early cephalosporins and not to most modern ␤ -lactam antibiotics [Seong et al., 2005] . For other examples of limited novelty retrieved by the sequence-based mining approach, see LeCleir et al. [2004] and . Thus, although PCR screening of metagenome libraries is a powerful approach to mine new but related enzymes known to have industrial interest, it yields few really novel enzymes.
A number of new developments of PCR-based gene probing of metagenomes have been described recently. One is based on substrate hybridization capture using magnetic beads. Briefly, multiple target genes are PCRamplified, using gene-specific degenerate primers, and the partial gene amplicons are immobilized on streptavidin-covered magnetic beads, and used as hybridization probes to recover 'full-length' genes from metagenomic samples. This method has been used to capture new bacterial multicopper oxidases [Meyer et al., 2007] . Capture methods have been also applied in the human gut mobile metagenome [Jones and Marchesi, 2006] . In this case the method relies in a culture-independent transposon-aided capture method (TRACA), which facilitates acquisition of plasmids harboring genes for phosphoesterases or phosphohydrolases and facilitate the maintenance and selection in Escherichia coli hosts.
Activity-Based Enzyme Discovery
Functional Screens Activity-based screening of metagenome libraries, though often more laborious than PCR-based procedures, is not dependant on previous knowledge and can yield fundamentally new knowledge. In its simplest form, it involves a simple color reaction mediated by the enzyme sought, in conjunction with a substrate incorporated into, or subsequently added to, the agar plate/microtiter plate on/in which the library is propagated. But there are many more complicated versions. Such screens identify catalytic activities: subsequent isolation of the responsible protein(s) not infrequently reveals enzymes unrelated to those currently known. For example, from a metagenome library created from the seawater:brine interface of the Urania West Basin, a hypersaline anoxic deep sea basin off the coast of Crete, 5 distinct groups of esterases were obtained, 2 of which exhibited no homology to known esterases [Ferrer et al., 2005a] . They had activity optima at high pressure and salinity. One designated O.16 that was studied in detail uniquely had two catalytic domains mediating two distinct activities, a thioesterase and a carboxyl esterase activity ( fig. 2 ) , containing three catalytic centers, and exhibited an adaptive tertiary-quaternary structure that alters between three molecular states, according to the prevailing physicochemical conditions. It thus has a level of structural and functional complexity higher than other known esterases. Interestingly, some of the esterases have high activities, specificities, enantioselectivities, and exceptional stability in polar solvents, and are therefore potentially useful for industrial biotransformations. One possesses the highest reported enantioselectivity towards solketal acetate, a chiral synthon for the synthesis of certain drugs, e.g. for AIDS. A metagenome study of the rumen of a New Zealand dairy cow revealed that a substantial fraction of the enzymes of all of the enzyme classes studied had no significant homology to known enzymes, and thus is a mine of novel and unusual enzymes [Ferrer et al., 2005b] . Such enzymes exhibited activities of industrial interest, for example for the synthesis of novel nutritional lipids with therapeutic properties [Reyes-Duarte et al., 2005] and for the bioconversion of polyphenolic compounds [Beloqui et al., 2006] . The latter study has also identified a new laccase lacking homology to known laccases, but containing a common domain of unknown function, and thereby revealed the function of a large protein family (about 750 database entries) conserved in Bacteria. This result emphasizes another important output of activity mining of metagenome libraries, namely the progressive identification of proteins of unknown function and the correction of incorrect functional assignments to protein sequences in the databases, the problem of growing proportions for bioinformatics analyses of genomic data and analyses based on such analyses, as in systems biology.
With ongoing screening methods a high success rate of the activity-based mining of metagenomes for new enzymatic industrial activities has univocally demonstrated the importance of microbial diversity in the discovery of new enzymes and underlines the necessity of mining different environments to capture new activities potentially applicable for biotechnology, including carboxyl-hydrolases (esterases, lipases, lactamases), polysaccharide-modifiying enzymes (cellulases, ␣ -amylases, xyla- nases, 1,4-␣ -glucan branching enzymes), oxidoreductases, dehydrogenases, polyphenol oxidases and oxygenases (see table 2 and references therein). For example, from 1,267,000 independent clones derived from complex microbial consortia of different soils, 24 new genes specifying the formation of carbonyls from short-chain polyols were found. The sequences of three translated gene products revealed no significant similarities to known alcohol oxidoreductases, although they contained putative glycine-rich regions characteristic of nicotinamide cofactor binding sites [Knietsch et al., 2003a-c] . Two highly enantioselective esterases belonging to the lipase/esterase family VIII, one of which lacked the mandatory lipase/esterase motif, were retrieved from a metagenome library obtained from a drinking water biofilm [Elend et al., 2006] . The novelty of enzymes retrieved from metagenome libraries was emphasized by the recent report of Lämmle et al. [2007] in which 51 enzymes, including lipolytic enzymes, amylases, phosphatases and dioxygenases, retrieved from soil metagenomes are described which are new and only weakly related to known enzymes. A similar finding was obtained by high-throughput screening of multiple environmental DNA libraries which resulted in the identification of more than 40 new microbial pectate lyases. Several of these exhibited activity optima at extreme pH values and high specific activities on pectic material in cotton fibers, which will favor their use in the scouring process [Solback et al., 2005] . Further improvement of thermostability by protein evolution resulted in one such enzyme exhibiting superior scouring results, which may open a route to replacement of the conventional and environmentally harmful chemical scouring process in the textile industry. Apart from traditional enzymatic screens involving detection of product from offered substrate, a number of other interesting functional screens have been reported. A very simple screening strategy is based on the ability of DNA fragments encoding certain enzymes to confer new carbon utilization phenotypes on the host, which allows direct selection of positive clones on media containing the appropriate carbon source. Examples include the retrieval from oil-contaminated soil of new naphthalene dioxygenases (NDOs), the first enzymes of pathways for the aerobic catabolism of naphthalene and polyaromatic hydrocarbons, and which catalyze the dioxygenation activation of the first aromatic ring to be dismantled [Ono et al., 2006] . In this case, the cosmidbased metagenome clones were introduced into P. putida KTSK2 or G7K2 host bacteria, which become able to use naphthalene as a sole carbon source when they acquire and express ndo genes. A similar approach was used to retrieve from a Black Sea methanotrophic microbial mat a catabolic gene cluster, that included genes for a benzoyl-CoA reductase, a ketoacid:acceptor oxidoreductase and a ferredoxin, for the anaerobic degradation of benzoate . This approach is particularly useful for the retrieval of environmental genes encoding enzymes and enzyme suites that can be useful for the degradation/transformation of organic/inorganic environmental pollutants and that have bioremediation/mitigation potential.
Genetic Traps
The identification of genes specifying the synthesis of compounds that induce the expression of a reporter under the control of a quorum-sensing promoter, i.e. gfp downstream of a luxR promoter [Handelsman, 2004] represents the issue totally different from standard activity screening. In this case, the host used for the metagenome library contains the screen construct and, if an inducer of the luxR -mediated transcription of gfp is expressed from a cloned metagenomic DNA fragment, the cells fluoresce and can be captured by fluorescence-activated or inactivated cell sorting or as colonies observed by fluorescence microscopy [Williamson et al., 2005] . In the case reported, 53,000 clones from eight metagenomic libraries were screened and eleven clones that induce or inhibit expression of GFP were identified. These had more than 62% amino acid sequence identity to their closest matches in GenBank but similar functionalities to homologous proteins. This subsequently led to the development of new genetic traps based on transcriptional regulators and it is to be expected that such traps will gain in importance in the prospecting of metagenome libraries [e.g. Galvao et al., 2005; Mohn et al., 2006 ].
An elegant screen for metagenome DNA fragments that affect E. coli mutational pathways were recently described, based on the fact that DNA sequence repeats found in some of the metagenomic clones cause general genome instability when present in multiple copies, and generate elevated levels of blue papillae in host E. coli colonies. This resulted in the isolation of 26 metagenomic clones from a soil microbial community that encode new RNA methyltransferases, bacterial microcompartment proteins, calcium binding hemolysin proteins, sigma factors, etc. [Yang et al., 2006] .
High-Throughput Approaches
A wide range of fast, efficient and high-throughput screening methods and assays have been established in recent years, and continue to develop in step with new developments in robotics, high-throughput analytical instrumentation, and functional assays. For example, fluorescence-activated cell sorting (FACS), a technology that enables the identification of biological activity within a single cell, has great potential for high-throughput screening of metagenome libraries [Podar et al., 2007] . One system developed by Diversa Corp. (San Diego, Calif., USA) incorporates a laser with multiple wavelength capabilities and the ability to screen up to 50,000 clones per second, or over 1 billion clones per day.
Metagenomes as Resources for Bioactive Compounds
One of the many challenges of the 21st century is the emergence of new infectious agents and spread of multidrug-resistant pathogens, both of which can be resistant to currently available drugs [Bode and Müller, 2005; Courtois et al., 2003; Piel et al., 2005; Wang, 2006] . There is an urgent need for new drugs. Microbial natural products have traditionally constituted an excellent source of drug leads, so metagenomics holds great promise for discovering new natural products/drug leads. However, since natural products are generally chemically complex secondary metabolites, whose biosynthesis involves multistep metabolic pathways, their expression in a surrogate requires relatively large insert libraries and a host providing required ancillary metabolic reactions. However, the prospect of being able not only to harvest new natural products by metagenomics, but also creating new ones by metagenome-driven combinatorial genetics, represents an exciting technical challenge.
Because it is generally accepted that marine microbial communities account for more than 80% of life on earth, and have an indispensable role in primary energy and carbon recycling, marine chemodiversity is considered to be the major target for the prospecting for new natural products that can become drug leads. At first sight it is therefore surprising that the number of commercially available drugs originating from marine sources falls far behind those derived from culturable soil organisms, which provide 60% of the antibiotics in the pharmaceutical industry. However, most marine microorganisms that produce bioactive compounds cannot be cultivated using traditionally employed cultural conditions, despite recent progress in cultivation technology, and for the few that can be cultured, the culturing methodology is laborious. Sponges are considered to be an important marine source of biologically active natural products, though the true origin of such compounds is in many cases suspected to be their microbial symbionts. New natural products from microbial symbionts of sponges Theonella swinhoei, Pseudoceratina clavata and Discodermia dissolute included the novel antitumor polyketides [Kim and Fuerst, 2006; Piel et al., 2004; Schirmer et al., 2005] .
Need for Multiple Hosts
Although E. coli K-12 has been, and will continue to be, the gene cloning workhorse and surrogate of choice for most applications, the diversity of gene expression signals and systems in the microbial world, the range of GC content, the diversity of RNA metabolic systems and protein folding, degradation and secretion systems, etc., all conspire to prevent functional expression of a significant fraction of environmental genes and gene suites in E. coli [e.g. see Gabor et al., 2004a] Lorenz and Eck, 2005] . It is important to note that this does not mean that E. coli is thereby replaced, since the fraction of environmental genes expressed in these alternate hosts may be no better than that in E. coli , but rather that different spectra of expressed genes can now be sampled. In other words, E. coli will generally continue to be used as the primary surrogate to create the initial libraries, but that these may subsequently be transferred into additional surrogates to expand the range of expressed genes. For example, in the case of a metagenome of a wastewater treatment anaerobic digestor, it was reported that some atypical alcohol/ aldehyde dehydrogenases were functionally expressed in a R. leguminosarum host but not in E. coli [Wexler et al., 2005] .
The problem of expression of heterologous genes becomes more acute in the case of multiple genes required for the synthesis of secondary metabolites, or for combinatorial genetics, where particular accessory metabolic functions are a prerequisite, since both involve (re)constitution of complex biosynthetic pathways involving functional expression of large multienzyme assemblies [Wenzel and Müller, 2005] . For this, appropriately tailored broad host range and shuttle vectors, able to replicate in diverse hosts that are good secondary me-tabolite producers, are needed. Though some useful host: vector systems of this type are already available, others that will require extensive engineering are urgently needed. However, current efforts to create new and improve existing systems will provide in the rather near future a broad choice of options for large-scale metagenome library screening.
Strategies for Biomass-Poor Samples
Some microbiologically interesting habitats, particularly those at the biosphere-lithosphere interface and highly polluted environments, which are physicochemically extreme and thus hostile to life, contain very few microbes (e.g. the deep hypersaline anoxic basins of the Mediterranean Sea: van der Wielen, et al. [2005] ; Daffonchio et al. [2006] ; Hallsworth et al. [2007] , and heavy metal-and nitrate-contaminated soils: Abulencia et al. [2006] ). Though the genetic diversity of such environments may in some cases be low, it may nevertheless be particularly interesting, so attracts special efforts to access it. One possible solution is to amplify the available biomass by enrichment [e.g. Ferrer et al., 2005] , but this inevitably results in some loss of biodiversity and thus to biases in the libraries. An alternate solution is to amplify the genomic DNA extracted from the small amount of biomass obtained. Multiple displacement amplification (MDA), by means of ⌽ 29 DNA polymerase, has been applied to amplify whole genomes from contaminated and subsurface sediments [Abulencia et al., 2006] , Eastern Snake River plain aquifer [Erwin et al., 2005] and scleractinian coral [Yokouchi et al., 2006] . This approach currently suffers from several problems -the creation of chimeric sequences, amplification biases, and small amplification products -but still has utility to generate sufficient material for library construction from samples with extremely low DNA yields. More importantly, it should encourage renewed efforts to develop better whole (meta)genome amplification (WGA) procedures. Indeed, recent successful examples of MDA-driven whole genome amplification from single cells obtained from environmental probes [Spits et al., 2006; Stepanauskas and Sieracki, 2007] suggest WGA would not only provide access to the biodiversity of biomass-poor environments, but also extend options for automation and high-throughput practices in library construction and screening.
Gene Origin
As indicated above, the isolation of a novel gene/enzyme/activity generally automatically provokes the question of its origin, since its biological role and significance are important issues in biodiversity, and the possibility of further novel functions awaiting discovery in the particular organism is intriguing. The importance of this has in the past led to some experimental designs that deliberately restricted metagenome prospecting to genomic regions containing 16S/18S rRNA and other phylogenetic marker genes (e.g. gyr B, rpo B, etc.) which are common subjects of the multilocus sequencing technique and which immediately provide the taxonomic affiliation of the accompanying genes. This approach, however, is obviously incompatible with a goal of accessing the broadest possible diversity for gene mining, since these marker genes are often not amenable to the PCR due to their diversity and since the vast majority of every genome is thereby discarded from the screening.
Two approaches are currently in use to obtain taxonomic affiliations of the organisms from which a DNA of interest originated. One is to extract taxonomic information from the DNA fragment in the library clone. In silico assessment of tetranucleotide usage patterns has been proposed as a useful approach to obtain taxonomic information [Teeling et al., 2004] . The quality of the taxonomic information thereby obtained is determined by the amount of sequence information available -a minimum of 5 kb of sequence is required, but 10-20 kb is needed for greater confidence -so some small inserts in expression libraries cannot be analyzed satisfactorily by this method. Alternatively, if the microbial community of the sample is not too complex, mega-sequencing of the environmental DNA may yield fragment overlaps that identify contiguous genomic fragments and reveal signatures of 16S/18S (or other marker genes) on one of these, so that a taxonomic affiliation is obtained. Again, this can rarely be achieved with genes from small insert expression libraries, hence the reason to create large insert archive libraries as a reference for expression libraries.
Concluding Remarks
A principal strategy to obtain enzymes with desired properties for industrial processes traditionally involves the optimization of available enzymes. However, despite the increasing sophistication of the optimization methods, including random mutagenesis, domain shuffling, combinatorial genetics, etc., and the availability of highquality structural information, enabling precise knowledge-based protein design, the structural and functional space that can be thereby explored is rather limited. Recent studies on enzyme diversity that can be accessed through metagenomics suggests that not only is the structural and functional space of recently accessed enzymes far greater than that previously known from enzymes of cultivated microbes, but that we have so far only explored a tiny part of the actual diversity space. This suggests that it will be far more efficient and productive to seek new enzymes from metagenome libraries than to tweak the activities of existing ones. Of course, further optimization of newly discovered enzymes can always then be extended by the powerful methods of combinatorial genetics.
We started out by stating that the grand challenge of metagenomics is to access and exploit the enormous biodiversity of the microbial world. This absolutely requires establishment of substantial integrated research consortia with complementary scientific experiences in microbial genetics/genomics, bioinformatics, microbial ecophysiology, enzymology, analytical and synthetic chemistry and bioengineering, and strong interfacing with end-users in industry, medicine, agriculture, etc. Two major bottlenecks to progress are the paucity of good enzymologists and high-quality enzymological analysis of the rapidly expanding number of new enzymes being discovered from the metagenome libraries, and the large number of unvalidated annotations in current databases, many of which are wrong and which perpetuate incorrect annotations that have many knock-on effects (in bioinformatics, metabolic network construction and metabolic design, systems and synthetic biology, etc.), and that cannot be corrected without experimental validation. Databases are only as useful as the quality of the data they contain; bioinformatics is only as good as the information fed into the computer. If we ignore this problem, we waste increasingly significant effort and financial resources.
Finally, though the emphasis of this review is discovery of new enzymes and other biological products and activities from metagenomes for applications, particularly in sustainable industrial processes (green chemistry, renewable resources, energy conservation), agriculture and medicine, the now demonstrated richness of very new molecules waiting to be discovered will clearly bring new biological knowledge about underlying mechanisms that will have at least as great an impact as the new applications.
